Variability in tropical cyclone (TC) days in the western North Pacific (WNP) since the late 1970s is investigated based on two datasets. As an overall behavior, the intense TC days have increased for the last 30 years from both the Japan Meteorological Agency (JMA) dataset and the Joint Typhoon Warning Center (JTWC) dataset. Both datasets show that TC days with an intensity of Saffir-Simpson category 2 or higher have increased by 15 30% over the past 30 years. In terms of the detailed behavior of this increase in intense TC days, the contribution obtained from the JMA dataset is different from that of the JTWC. The JMA dataset reveals that the increase in moderately intense TC days contributes to the overall increase in intense TC days, while the JTWC dataset shows that the increase in extremely intense TC days has the dominant contribution. The difference between the two datasets becomes significant after 1987 when aircraft reconnaissance by the US Air Force was deactivated. The difference between the assessed contributions is due to different implementations of the Dvorak technique, the basis for TC intensity estimation at the JMA and the JTWC after the deactivation of aircraft reconnaissance.
Introduction
In recent years, disasters due to TCs with maximum sustained winds of over 34kt have occurred frequently. The long-term variability of these TCs has become a social concern because of its relationship with climate change. In particular, TCs of category 4 or 5 on the Saffir-Simpson scale (Simpson 1974) , with maximum sustained winds greater than 114kt, are a potential cause of severe disasters, so it is important to investigate whether or not the frequency of these intense TCs has increased. Webster et al. (2005) reports that the number of category 4 or 5 TCs has increased over global oceans, including the WNP, for the past 30 years. They suggest a relationship between the increase in extremely intense TCs and the sea surface temperature. Emanuel (2005) defines the power dissipation index (PDI), a temporal integration of the cubic power of the maximum sustained winds over their lifetime, as an index of potential TC disaster. He shows that the PDI has rapidly increased and that TCs have become more hazardous since the 1990s. Because the PDI is proportional to the cubic power of the maximum sustained wind, the contribution of extremely intense TCs is fairly large. The bulk of the PDI increase is due to the increasing frequency of extremely intense TCs. Goldenberg et al. (2001) found decadal scale hurricane activities in the northern Atlantic. They stress that the Atlantic basin was turned into an active period in hurricane activities after 1995. Landsea (2005) has demonstrated that the Atlantic basin tropical cyclone activity had similar heightened hurricane amounts in the middle portion of the 20th century in comparison to that observed since 1995. Landsea et al. (1999) found that only weak linear trends can be ascribed to hurricane activity in the north Atlantic. Chan and Liu (2004) point out that average typhoon activity had no significant relationship with sea surface temperature in the WNP. They also point out that the mean annual typhoon activity was generally higher (lower) during an El Nino (La Nina) year. This suggests a close relationship between typhoon activity and the ENSO. Chan (2006) insists that the increase in the occurrence of intense typhoons reported by Webster et al. (2005) was not a trend, but is a part of the large interdecadal variations in the number of intense typhoons, related to similar temporal fluctuations in the atmospheric environment.
In the WNP, the annual generation of TCs is about 30, contributing about 30% of global generation (Neumann 1993) . Considering TCs of typhoon or hurricane intensity defined by the World Meteorological Organization (WMO), with maximum sustained winds greater than or equal to 64kt, the WNP accounts for 35% of global generation. Therefore, variations in TC intensity in the WNP play an important role in the global system.
The results of both Webster et al. (2005) and Emanuel (2005) for the WNP were based on the best track dataset from the Joint Typhoon Warning Center (JTWC). For the WNP, we can also use another dataset of TCs from the Japan Meteorological Agency (JMA). The JMA serves as the regional specialized meteorological center (RSMC) around the WNP for analyses and forecasts of TCs under the WMO. The JTWC serves mainly the US Air Force and the US Navy. Because both datasets were independently compiled for the same TCs in the WNP, it is important to verify whether similar results are obtainable with the JMA and JTWC datasets. We compared the TC intensities recorded in the two datasets.
In Section 2, outlines of the best track dataset from the JMA and that from the JTWC used in our analysis, are briefly described. In Section 3, the differences in TC intensity between the JMA and JTWC datasets, are quantitatively investigated. Conclusions and a discussion of the results are presented in Section 4.
Dataset and method
The datasets used are the best tracks of the JMA and the JTWC. Best track datasets are comprehensive compiled datasets of TC information, including their location, intensity, and size, taken at 6-hour intervals. All TCs after 1951 are recorded in the JMA best track. As for intensity information, it records the estimated central pressure over the whole period, but the estimated maximum sustained wind speed is recorded only The main observational data sources used in TC analyses are aircrafts, satellites, surfaces, and upper air observations. Although the best tack datasets of both the JMA and the JTWC represent the same TCs and are based on almost the same observations, they are not the same. First, the JMA best track dataset records 10-minute sustained wind speed as the maximum wind speed near the TC center following a recommendation by the WMO, while the JTWC uses 1-minute sustained wind speed. The strength of 10-minute sustained wind is statistically 88% of a 1-minute sustained wind (Simiu and Scanlon 1978) , resulting in a systematically weaker intensity of TCs in the JMA best track dataset. More importantly, the TC intensity cannot be directly observed, but are estimated by a combined analysis of available observations. The estimation methods used were developed independently by the JMA and JTWC. These methods led to different data for the same TCs in the JMA and the JTWC datasets. In 1987, an operational aircraft observation by the US Air Force, which was considered to be the most reliable observation to estimate TC intensity (Gray et al. 1991) , was terminated in the WNP. Because aircraft observations are so accurate, we can expect them to bring very little ambiguity to the TC intensity estimation. We can thus expect consistent TC intensity information between the JMA and the JTWC datasets with aircraft observations. After 1987, a major source of TC intensity estimates has been the Dvorak technique, which handles satellite image patterns (Dvorak 1975) . The supplement describes a history of a TC intensity estimation with the Dvorak technique at the JMA. Because the Dvorak technique includes a relatively larger ambiguity than the aircraft observations (Kossin and Velden 2004) , it may introduce some differences in TC intensity estimation between the JMA and JTWC. By comparing the two best track datasets, therefore, we can expect to obtain more reliable information about the variability of TC intensity in the WNP basin. Atkinson and Holliday (1977) described frequent installations of algorithms for maximum wind estimation in the JTWC dataset before the early 1970s. To avoid this inhomogeneity in the JTWC dataset, we compared the variability of TC intensity in both datasets only for the period after 1977, when the maximum sustained wind was available in the JMA dataset and the algorithm differences had been minimized in the JTWC dataset.
There are two approaches to investigating the variability of TC intensity. One is to count the number of TC generations, and the other is to count TC days, integrating the lifetime of each TC along its path. We adopted the latter approach, because the degree of a TC disaster depends more strongly on the TC days. Therefore, our analysis of variability of TC intensity is influenced by the variability in their duration as well as the number of TCs generated.
As noted above, the maximum sustained wind speed is measured as a 10-minute average in the JMA best track dataset, while it is measured as a 1-minute average in the JTWC best track dataset. In order to compare the two datasets, we converted the maximum sustained wind speeds in the JMA best tack dataset to 1-minute averages by multiplying by 1.14 (= 1.0/0.88, Simiu and Scanlon, 1978) , except for the data used for Fig. 4. Figure 1 shows the variability in the annual number of TC days of Saffir-Simpson category 2 or higher (>=83kt) in the WNP. Hereafter, a TC of category 2 or higher will be referred to as an "intense TC". There is a large year-to-year variability and a large decadal variability. However, both datasets reveal a qualitatively similar tendency for a definite increase of intense TC days since the late 1970s. Figure 2 depicts the variability of the anomaly in TC days in each category in the WNP averaged over the whole period. Both datasets showed quite similar decadal variability, highlighting the increase in the late 1980s through the early 1990s and the decrease in the late 1990s. We can also identify the difference between the JMA and JTWC. The JMA dataset shows a definite increase in moderately intense TC days, defined as TCs of category 2 or 3, and a clear decrease in extremely intense TC days, defined as TCs of category 4 or 5. On the other hand, the JTWC dataset indicates a significant increase in extremely intense TC days. Thus, the increases in intense (higher than category 2) TC days have different contributing factors in the JMA and JTWC datasets. Webster et al. (2005) concluded that the annual frequency of category 4 or higher TCs has rapidly increased in the WNP, based on the JTWC dataset. If the JMA dataset was used, a different conclusion, indicating a decreasing number of category 4 or higher TCs in the WNP, would be derived. In spite of these differences, a common increasing tendency can be seen in both datasets. Table 1 lists the mean annual number of intense, moderately intense, and extremely intense TC days in the WNP for the periods 1977 1990 and 1991 2004 . In the JMA dataset, intense TC days increased by 17% over the latter period. In contrast, the JTWC dataset shows a larger increase of 32%, about twice the increase in the JMA dataset. For intense TC days, the two datasets indicate similar increasing trends. For moderately and extremely intense TC days, however, we found quite different tendency in the two datasets. The JMA dataset shows an increase in moderately intense TC days by 32% and a decrease in extremely intense TC days by 40% over the latter period. On the other hand, the JTWC dataset indicates an increase in extremely intense TC days by 72%.
Variability in TC intensity
In order to explain why the two datasets have different contributions to the increase in the intense TC days seen in Fig.1 , we compared TC days in both datasets. Figure 3 shows the difference between the TC days with moderately intense TCs and extremely intense TCs for the JMA and JTWC datasets. There are no significant differences between the JMA and the JTWC datasets for either moderately intense TC days or extremely intense TC days until 1987, when US Air Force reconnaissance was deactivated. After 1987, however, the annual number of moderately intense TC days in the JMA dataset became larger than those in the JTWC. In contrast, the number of extremely intense TC days in the JMA dataset became less than those in the JTWC dataset after 1987. Because TC intensity was estimated mainly with the Dvorak technique (Dvorak 1975) after the deactivation of aircraft reconnaissance, we have to consider that the Dvorak technique may be responsible for the different contributions in the two datasets.
We do not have sufficient evidence to judge which dataset is reasonable. To help us better understand the reliability of the datasets, we closely compared the two datasets. Figure 4 presents a histogram of TC days for each maximum sustained wind speed class before and after 1987, when reconnaissance by the US Air Force was deactivated. In Fig. 4 , no conversion from the 10-minute averaged wind speeds to 1-minute wind speeds was made in the JMA dataset. Both datasets display a single peak distribution and a monotonic decrease in TC days with increasing maximum wind speed before 1987. After 1987, however, the two datasets show different trends. The JMA dataset shows an increase around the 75 94kt wind speed range, and a decrease around the 105 124kt range after 1987. In contrast, the JTWC dataset shows an increase around the 115 144kt wind range. These variations are consistent with those in Fig. 2 .
To examine data homogeneity between the two periods before and after 1987, we performed a t-test for each wind speed range. Significant differences were found between the two periods with a 95% significance level in the 105 114kt and 115 124kt ranges for the JMA dataset, and in the 125 134kt and 135 144kt ranges for the JTWC dataset, as indicated with vertical arrows in Fig. 4 . There are two possible interpretations for the different results after 1987: one is due to climate change in TC intensity, and the other due to the change in the quality of source data for TC intensity estimation. It is possible that a climate change occurred around 1987. The two datasets, however, gave opposite results: the JTWC dataset shows an increase in extremely intense TC days, and the JMA dataset shows a decrease in extremely intense TC days and an increase in moderately intense TC days. A quality check of the two datasets has to be made before we attempt any physical interpretation of the changes in the intense TC days. Because both datasets, although greatly different in quality, showed a similar increasing trend in TC days of category 2 or higher, we may expect that this is a statistically stable result.
We have seen that the JTWC and JMA sometimes assigned a different category for the same TC. This difference in TC assignment causes differences in the detailed changes in TC intensity. TC days of category 2 or higher appear to be less dependent on the detailed category assignment. The common increase in this intensity range gives a more robust conclusion, as reflected in Fig. 1. 
Conclusions and discussion
We have obtained a consistent result that TC days of category 2 or higher (vmax>=83kt) have increased in the WNP basin over the past 30 years, based on datasets from both the JMA and JTWC. Because the datasets, which have largely different quality, show a similar increasing trend for TC days of category 2 or higher, we may expect that this is a statistically stable result. We will have to cope with the disasters brought by the expected increasing TC hazard in the WNP. Concerning which TC categories have contributed significantly to the increase in intense TC days, the JMA and JTWC datasets give different results. The JMA dataset shows an increase in moderately intense TC days with a SaffirSimpson category of 2 or 3. On the other hand, the JTWC dataset indicates an increase in extremely intense TC days of category 4 or higher. Emanuel (2005) and Webster et al. (2005) identified a definite increase in category 4 or higher TCs in the WNP after the 1990s, based on the JTWC dataset. If the JMA dataset is used, a different conclusion can be obtained, namely a definite decrease in category 4 or higher TCs. We also found that differences between the datasets were more significant after 1987. Until 1987, TC intensity estimation for both datasets was primarily based on the US Air Force reconnaissance. Because the quality of the aircraft observations was extremely high (Gray et al. 1991) , we can expect that both datasets had very similar behavior before 1987, except for the difference in the averaging interval of maximum sustained wind speed. After deactivation of the US Air Force reconnaissance in 1987, the JMA and JTWC adopted the Dvorak technique to estimate the TC intensity in different ways. The JMA modified the original Dvorak technique to be consistent with surface observations near Japan (Osano 1989) . In contrast, the JTWC adopted the original Dvorak technique, which was developed for north Atlantic hurricanes (Dvorak 1975) . The different algorithms led to quantitatively different results for the same satellite imagery of the same TCs in the WNP. Emanuel (2005) and Webster et al. (2005) discussed the relationship between an increase in category 4 or higher TCs and the sea surface temperature from the viewpoint of climate change. In the north Atlantic basin, the incidence of major hurricanes, defined as category 3 or higher, decreased during the 1970s and 1980s (Landsea 1993) . Since the mid-1990s, north Atlantic hurricane activity has been in an increasing phase (Goldenberg et al. 2001) . They found multidecadal variability of hurricane activity in the basin, and suggested that the present high level of hurricane activity is likely to persist for an additional 10 to 40 years. Yumoto and 
